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Quantum oscillation studies of the Dirac fermions hosted by distorted Sb square net
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Dirac states hosted by Sb/Bi square nets are known to exist in the layered antiferromagnetic
AMnX2 (A = Ca/Sr/Ba/Eu/Yb, X=Sb/Bi) material family. In this paper, we present high field
quantum oscillation studies on SrZnSb2, a nonmagnetic analogue to AMnX2, and show the non-
trivial Berry phase accumulation and light effective masses of the quasiparticles in this system.
These results are in good agreement with the predicted topological state in SrZnSb2. The angular
dependence of the de Haas van Alphen oscillations further reveals that the Fermi surfaces are quasi
2D-like, similar to those in the AMnX2 materials.
I. INTRODUCTION
Topological semimetals including Dirac semimetals,
Weyl semimetals and topological node-line semimet-
als, representing new quantum states of matter, have
attracted enormous attention in condensed matter
physics[1–22]. In these systems, the low energy excita-
tion of quasiparticles are of relativistic nature, i.e. they
obey Dirac or Weyl equations[23]. From the band struc-
ture point of view, there exist linear bands with nontriv-
ial topology near the Fermi level in the bulk and surface
state of these materials. Materials with such nontriv-
ial topological bands may be found if guided by certain
chemistry principles[24, 25].
Recently, anisotropic Dirac states hosted by square-
net lattices of main group elements have been discovered
in the layered AMnX2 (A = alkaline earth or rare earth
elements, and X=Sb/Bi) family [26–37]. This group of
materials feature a common layered structure with al-
ternative stacking of MnX4 tetrahedral layers and A-X-
A spacing layers. In the MnX4 layers, Mn atoms sit
at the centers of edge-sharing tetrahedrons, and develop
antiferromagnetic (AFM) order with a Ne´el temperature
around room temperature[32, 33, 38]. In the A-X-A lay-
ers, the X square net planes sandwiched by A atoms can
host anisotropic Dirac or Weyl cones. The electronic
structure in these materials is of quasi-2D nature be-
cause of the layered structure character. In addition,
the magnetism plays a role on the transport of relativis-
tic fermions[39]. In EuMnBi2, the Dirac fermions in 2D
Bi layers are confined by antiferromagnetically ordered
Eu and Mn moments and give rise to bulk quantum Hall
effect[29]. In Sr1−yMn1−zSb2 (y, z < 0.1), where the Sb
square net layers are only minimally distorted, the AFM
ordered Mn moments are canted with a net ferromagnetic
(FM) component whose magnitude varies with sample,
and such a FM component affects the transport prop-
erties signicantly[33]. In YbMnBi2, the similar canted
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AFM order of Mn moments has been suggested to break
the time reversal symmetry and lead to the emergence of
type-II Weyl states[28, 40, 41].
To further investigate the relationship between the
presence of antiferromagnetism and the existence of
Dirac fermions, BaZnBi2, a nonmagnetic version of the
AMnX2, has been studied by several groups, yet it re-
mains unclear whether the Dirac fermions exist in the
system[42–44] or not. The Berry phase extracted from
magnetotransport measurements are 1.82pi and 0.5pi in
Ref.[42] and Ref.[44], which represent topologically trivial
and nontrivial scenarios, respectively. On the one hand,
first principle calculations show that the strong spin or-
bital coupling induces a sizable gap (0.2 − 0.3eV) at the
Dirac node near the Fermi level, causing the removal of
the Dirac dispersion from Fermi surface[42, 43]. On the
other hand, in BaZnBi2 samples with the local Zn va-
cancy order, angle-resolved photoemission spectroscopy
(ARPES) experiments show the presence of Dirac-like
band dispersions crossing the Fermi level[44].
It has been pointed out by Bradlyn, et al. in Ref.[24]
that many more topological phases are identified in ma-
terials composed of Bi and other main group square
or a minimally distorted square nets as exemplified by
ZrSnTe and SrZnSb2, respectively[24]. A previous study
on SrZnSb2 revealed linear magnetoresistance up to 9 T,
suggesting the existence of Dirac fermion transport in
the system[45]. We have investigated quantum transport
properties up to 35 T on SrZnSb2 by resistivity mea-
surement as well as magnetic torque measurements. In
this work, we report on the Shubnikov-de Haas (SdH)
and de Haas-van Alphen (dHvA) oscillations in SrZnSb2.
We reveal a nontrivial Berry phase accumulated from
the cyclotron motions of the quasiparticles, light effec-
tive masses, and a quasi 2D nature of the Fermi surface.
II. EXPERIMENTAL METHODS
Single crystals of SrZnSb2 were grown by the flux
method. Sr and Zn chunks and Sb powder were mixed
at a ratio of 1 : 1 : 5 in an alumina crucible and sealed
2Figure 1. (a) Crystal structure of SrZnSb2. (b) X-ray diffraction along (a00) direction on a piece of SrZnSb2 single crystal.
Inset: a schematic diagram showing a distorted Sb square net layer. (c) In-plane resistivity ρxx (red) and out-of-plane resistivity
ρzz (blue) as a function of temperature from 2 K to 300 K. Inset is an optical image of a piece of SrZnSb2 single crystal placed
on a millimeter grid paper.
in a quartz tube under Argon atmosphere. The tube
was heated at 1050 oC for 24 hours and slowly cooled
to 650 oC at a cooling rate of 3 oC/hour. The excess
Sb flux was then decanted by centrifuging. As shown
in the inset of Fig. 1(c), shining plate-like single crys-
tals were obtained. X-ray diffraction on the as-grown
surface was performed by a PANalytical Empyrean (Cu-
Kα radiation) diffractometer. As seen in Fig. 1(b), the
X-ray diffraction pattern is consistent with the (2h,0,0)
peaks of the previously reported orthorhombic structure
of SrZnSb2[46]. In the similar compound BaZnBi2, ad-
ditional forbidden peaks at odd numbers were observed
because of the local Zn vacancy order[44]. Such effect
was not seen in SrZnSb2, indicating no Zn vacancy or-
der is formed. The magnetotransport properties were
measured in a Quantum Design Physical Property Mea-
surement System (PPMS) up to 9 T, and at the National
High Magnetic Field Lab (NHMFL) in Tallahassee, FL,
up to 35 T. The ρxx was measured by a standard four
probe method. To obtain ρzz, the current contacts were
made into a ring shape at the top and bottom of the
sample surfaces (bc plane) and the voltage contacts were
placed at the center of the rings. The torque measure-
ments were done using a piezoresistive cantilever connect-
ing with a homemade Wheatstone bridge at NHMFL.
III. RESULTS AND DISCUSSIONS
The resistivity has been measured along the in-plane
direction (ρxx) and out-of-plane direction (ρzz), as shown
in Fig. 1(c). Both ρxx and ρzz show metallic behavior in
the temperature range from 300 K to 2 K. The anisotropy
between ρxx and ρzz, defined as the ratio ρxx/ρzz, in-
creases from ∼3 at the room temperature to 14 at 2 K,
much lower than ∼600 times for Sr1 − yMn1 − zSb2,[33]
indicating a weakly quasi two dimensional transport. For
ρxx, the residual resistivity ratio (ρxx(300K)/ρxx(2K)) is
∼18, comparable to 15 for SrMnBi2,[26] and much higher
than 2 for SrZnBi2 and 7 for BaZnBi2,[42, 44] which
suggests good crystalline quality with reduced scattering
from vacancy of our samples.
In-plane magnetotransport properties with a magnetic
field perpendicular to the plane up to 35 T are presented
in Fig. 2. ρxx exhibits linear field dependence at low
field (B <10 T), and tends to saturate at high fields
with a magnetoresistance (MR) of ∼ 700% at 35 T. ρxy
is positive and linearly dependent with field for B <5 T,
and then becomes flat at higher fields, indicating multiple
band transport nature with the dominant carriers being
holes. The change of slope near 10 T implies the variation
of densities or moblities for electron- or hole-like carriers
in high field range.
As shown in Figs. 2(a) and (b), weak SdH oscillations
are observable for both ρxx and ρxy when B > 10T . Fast
Fourier transform (FFT) for the ρxx at T = 2.1 K results
in the dominant oscillating frequencies of 103 T and 127
T with a third minor frequency of 160 T (see the inset
of Fig. 2(a)). As is known, the SdH oscillations can be
described by the Lifshitz-Kosevich (LK) formula[47]:
∆ρ ∝ BλRTRD cos[2pi(
F
B
+ γ − δ)]
where the thermal damping term RT is equal to
αTµ/ [Bsinh (αTµ/B)] and the Dingle damping factor
RD = exp (−αTDµ/B). µ is the ratio of cyclotron
effective mass m∗ to the free electron mass me and
α =
(
2pi2kBme
)
/(h¯e). TD is the Dingle temperature.
λ is a dimensional factor, which is 1/2 for the 3D case
and 0 for the 2D case. The phase factor γ − δ of the
cosine term is linked with the Berry phase ΦB by the
relation γ = 1
2
− ΦB
2pi
.[48] The phase shift δ is 0 for 2D
Fermi surfaces and ±1/8 for 3D ones.
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Figure 2. (a) Field dependence of in-plane resistivity ρxx of SrZnSb2 measured up to 35 T at different temperatures. Inset:
FFT spectra for the SdH oscillations between 9 T and 35 T at 2 K. (b) Hall resistivity ρxy up to 35 T measured simultaneously
with ρxx. (c) The oscillatory part of resistivity △ρxx (black dots) at T = 2.1 K and the fit to LK formula with two known
frequencies, namely Fα and Fβ . (d) The oscillatory component of conductivity △σxx (black dots) at T = 2.1 K and the FFT
filtered data where oscillations with frequencies lower than 120 T are filtered out (green line). (e) Landau level fan diagram.
The integer Landau level indices are assigned to positions where the filtered conductivity is minimum. The red line is the linear
fit. (f) The fit of SdH oscillations at T = 2.1 K to LK formula including three frequencies, which are Fα, Fβ and Fγ . Adding
the frequency of Fγ does not result in much improvement of the fit. (g), (h) and (i) are the trials to fit the SdH oscillations at
T = 2.1 K to two-band LK formula with fixed Berry phase(s) for Fα and/or Fβ. (g) The Berry phases are both fixed to be 0 for
Fα and Fβ. (h) Only the Berry phase of Fβ is fixed to be 0, and it’s a free fitting parameter for Fα. (i) Only the Berry phase
of Fα is fixed to be 0, and it’s a free fitting parameter for Fβ . (j) and (k) show the two-band LK fits of the SdH oscillations at
higher temperatures, T = 10 K for (j) and T = 20 K for (k), resulting similar Berry phases to those of SdH oscillations at T =
2.1 K.
To examine the Berry phase accumulated from the cy-
clotron motions of the quasiparticles in the system, we fit
the SdH oscillations (∆ρxx) at T = 2.1 K to the general-
ized LK formula with two known frequencies[49], which
we will refer to as the two-band LK formula. As it is hard
to obtain the effective mass of cyclotron motion from the
weak SdH oscillations, we use the effective masses for Fα
and Fβ determined from the dHvA oscillations presented
later. As seen in Fig. 2(c), the data can be fit well to the
two-band LK formula for 1/B > 0.04T−1 (B < 25 T).
If the higher field (B > 25 T) data is included, the fit
cannot converge. Errors from background substraction
for the weak oscillations or other high field effects like
Zeeman splitting of the Landau levels might account for
the discrepancy between the data and the LK formula
fit for B > 25 T. The fitted phase factors γ − δ are 0.39
and 0.82, resulting in Berry phases of 0.22pi and 1.36pi for
Fα and Fβ , respectively. The former indicates a trivial
Berry phase for Fα, while the latter represents a nontriv-
ial Berry phase for Fβ . To ensure that the third minor
frequency Fγ does not affect the fit noticeably, the SdH
data is also fitted by three-band LK formula (Fig. 2(f)).
This fit does not show notable improvement of the fitting
quality. The resulting Berry phases for Fα and Fβ are
consistent with those from two-band LK fit in Fig. 2(c).
That said, the LK fit including two frequencies should be
enough to capture the oscillatory amplitudes and phases
of the data. To confirm the reliability of the phase factors
obtained by the two-band LK fit, we attempted to fit the
SdH oscillations at T = 2.1 K to the LK formula using
fixed phase factors (Fig. 2(g-h)). In Fig. 2(g), the phase
factors γ−δ for both frequencies in two-band LK formula
are fixed to 0.5 so that the Berry phases are both trivial.
However, as shown clearly in Fig. 2(g), the data can not
be fitted at all in this case. In Fig. 2(h), the Berry phase
for Fβ is fixed to 0 and the phase factor of Fα is a free
fitting parameter. The best fit gives a significant phase
offset between the raw data and the fitting line. Only
if the Berry phase for Fα is fixed to be 0 and the phase
factor of Fβ is a free fitting parameter, the data can be
well fitted and the obtained Berry phase for Fβ is close
to the original two-band LK fit where no phase factor is
fixed. Furthermore, to demonstrate the stability of the
two-band LK fitting, the same phase factors obtained in
Fig. 2(c) are used in the fitting of the SdH oscillations
at T = 10 K and 20 K. As shown in Figs. 2(j) and (k),
40 10 20 30
-0.1
0.0
0.1
0.05 0.10 0.15 0.20
-0.6
-0.4
-0.2
0.0
0.2
0.4
0.6
0 200 400 600
0.0
0.2
0.4
0.6
0 10 20 30 40 50
0
2
4
6(d)
(b)
(c)
50K 40K
30K
20K
10K
5.0K
 
 
To
rq
ue
 (a
rb
. u
ni
t)
B (T) 
2.1K
B // a 
(a)
 2.1K
 5K
 10K
 20K
 30K
 40K
 50K
 
 
(a
rb
. u
ni
t)
1/B (T-1) 
F  
F
F
 
 
FF
T 
Am
p.
(a
rb
. u
ni
t)
F (T) 
F
F
 
 
FF
T 
pe
ak
 A
m
p.
 (a
rb
. u
ni
t)
T (K) 
F
m* = 0.045 me;
m* = 0.048 me;
m* = 0.054 me.
Figure 3. (a) Field dependence of magnetic torque τ for
SrZnSb2 at different temperatures with magnetic field nearly
parallel with out-of-plane direction. (b) The oscillatory part
of the magnetic torque ∆τ . (c) The FFT spectra for ∆τ at
different temperatures. Three different oscillation frequencies
are indicated. (d) The temperature dependence of the FFT
amplitude for the three frequencies and the fits to thermal
damping term of LK formula (solid lines).
these phases factors fit the high temperature data well.
In order to confirm the nontrivial Berry phase for Fβ ,
we also constructed the Landau fan diagram. The con-
ductivity is calculated by σxx = ρxx/(ρ
2
xx + ρ
2
xy) and the
oscillatory pattern of conductivity ∆σxx is thus obtained.
By performing FFT filtering and choosing a high pass fil-
ter to only keep the oscillations with frequencies higher
than 120 T, the filtered data shows slightly shifted oscil-
lating peaks and valleys from Fig. 2(c), as shown in Fig.
2(d). The Landau Level fan diagram with the integer LL
indices assigned to the minima of the filtered oscillations
in Fig. 2(d) is shown in Fig. 2(e).[50] The linear fit gives
an intercept on vertical axis as 0.78, corresponding to
Berry phase of 1.56pi for a 2D Fermi surface. This value
is close to ΦB = 1.36pi from the direct fit to LK formula,
demonstrating the existence of Dirac-like quasiparticles
participating in the quantum oscillations in SrZnSb2.
To further investigate the properties of Dirac fermion
in SrZnSb2, we have performed magnetic torque measure-
ments to probe dHvA oscillations. In theory, dHvA effect
is a direct consequence of the oscillations of free energy,
which is less sensitive to the quantum interference effects
than the SdH effect[51, 52]. As is the case in some nodal
line semimetals[53], dHvA oscillations probed by torque
measurements in SrZnSb2 are much stronger than the
SdH oscillations, as seen in Fig. 3(a). Fig. 3(b) shows
the dHvA oscillations after a polynomial background sub-
traction. The oscillations start from 5 T at T = 2.1 K
and remain up to 50 K in high field range. Three frequen-
cies with Fα = 97 T, Fβ = 120 T, and Fγ = 138 T have
been resolved by performing the FFT from 5 T to 35 T.
The effective masses of the quasiparticles corresponding
to each of the oscillation frequencies can be obtained by
fitting the temperature dependence of the FFT peak am-
plitude to the thermal damping term RT in LK formula,
i.e. ∆ρ
ρ
∝ αTµ/
[
B¯sinh
(
αTµ/B¯
)]
, where 1/B¯ is the
average inverse field when performing FFT analysis. As
shown in Fig. 3(d), the fits result in three effective masses
of 0.045me, 0.048me and 0.054me for Fα, Fβ and Fγ , re-
spectively. The quasiparticle effective masses in SrZnSb2
are much lighter than those found in the Bi based 112
compounds like BaZnBi2[42–44], and comparable with
those in other Sb based 112 compounds[32, 33].
The evolution of magnetotransport and the magnetic
torque properties with field orientation has been inves-
tigated to gain an understanding of the Fermi surface
topology of SrZnSb2. Figure 4(a) shows the MR(=
[ρxx(B) − ρxx(0)]/ρxx(0)) data measured at 2 K up to
9 T with different angles between the magnetic field and
sample bc plane. The field is kept perpendicular to the in-
plane current direction during rotation. When the field
is applied perpendicularly to the sample bc plane, MR is
∼370% at 9 T. It gradually becomes smaller as the field
is tilted away and almost vanishes when the field is par-
allel with the bc plane. As shown in Fig. 4(b), the MR is
measured as the field rotates about the current direction
at B = 9 T and T = 2 K. The result can be well de-
scribed by MR ∝ | cos θ|, i.e. the MR is only related to
the field component perpendicular to the bc plane. This
has been seen in other 112 material, like Ca/SrMnBi2,
implying the electronic transport of the system is quasi-
2D like[27, 54]. This has been confirmed by the angular
dependent magnetic torque data shown in Fig. 4(c) and
(d). As seen in Fig. 4(c), the dHvA oscillations show sys-
tematic shifts to higher fields as the field is tilted away
from a axis where the angle is defined as θ = 0◦ and dis-
appear when θ = 74◦ and 89◦. The oscillating frequencies
obtained from FFT are plotted against the angle θ in Fig.
4(d). They can be described well by F (θ) = F0/ |cos θ|,
which again suggests the Fermi surfaces corresponding
to the quantum oscillations are 2D-like. The fact that
the quantum oscillations are composed of multiple fre-
quencies that are comparable with each other indicates
that the cylindric FS might be corrugated, resulting in
multiple extremal orbits that are perpendicular to the
field.
Topological bands generated by square nets of main
group elements have been reported in many layered
materials such as AMnX2 [26–37] and the WHM-type
(W=Zr/Hf/La, H=Si/Ge/Sn/Sb, M=S/Se/Te) materi-
als [12, 13, 16]. From the link between topology and
local chemical bonding, as evidenced by the band struc-
ture of SrZnSb2, it has been pointed out by Bradlyn
et al. that the topological characters are insensitive to
the small lattice distortion in such square nets[24]. For
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Figure 4. (a) Magnetoresistance of SrZnSb2 measured with
different field orientations. (b) The angular dependence of
resistivity at B = 9T and the |cos θ| fit. Inset: A schematic
diagram of the measurement geometry. (c) A contour plot
of the FFT spectra for different field orientations. (c) Field
dependence of the magnetic torque measured with different
field orientations. (d) The angular dependence of the dHvA
oscillation frequency F (θ) and the fits to F (θ) = F0/ |cos θ|.
Inset: A schematic diagram of the measurement geometry.
the square nets, without spin orbital coupling, the lin-
ear band crossings happen at the Fermi level, and those
crossings with line nodes open topologically nontrivial
gaps when SOC is included. In BaZnBi2, such a gap
can be as large as 200-300 meV, which moves the topo-
logical bands away from the Fermi level, leading to the
disappearance of Dirac fermion behaviors[42, 43], while
Dirac fermion transport and Dirac dispersions were de-
tected in samples with local Zn vacancy order[44], which
may indicate the nonstoichiometry has moved the Fermi
level towards the topological bands. The band structure
of SrZnSb2 has been calculated in Ref.[24]. In SrZnSb2,
the gap is smaller due to the weaker spin orbital cou-
pling of Sb and the topological bands are robust to the
slight distortion of the square nets. Our observation of
the Dirac-like quasiparticles is in good agreement with
the prediction of the topological state in SrZnSb2.
Finally, we compare the relativistic fermion trans-
port properties between SrZnSb2 and its magnetic ver-
sion Sr1−yMn1−zSb2[33]. The two compounds have the
same orthorhombic crystal structure with space group
of Pnma, and the Sb square nets are distorted in both
compounds. In Sr1−yMn1−zSb2, the canted AFM or-
der of Mn moments coexists with the topological state
hosted by Sb distorted square net layers. As a result,
the relativistic transport properties, including the ampli-
tude and frequency of the SdH oscillations, are coupled
with the FM component. In SrZnSb2, a system with no
magnetism, the SdH oscillations reveal that the oscillat-
ing frequencies are higher and the amplitudes are weaker
than those found in Sr1−yMn1−zSb2. This indicates that
the Dirac dispersions of SrZnSb2 might be less steep than
those of Sr1−yMn1−zSb2 where the FM component may
play a role in the band structure[33]. Moreover, because
of the lack of AFM layers in between the distorted Sb
square net layers, the anisotropy of SrZnSb2 is much
weaker. Further doping studies of SrMn1−xZnxSb2 would
be beneficial for understanding the effect of magnetism
on Dirac fermion transport in the system.
IV. CONCLUSIONS
In conclusion, we have studied the quantum oscillation
properties of SrZnSb2 by the magnetotransport and mag-
netic torque measurements, and found nontrivial Berry
phase accumulated by the cyclotron motion of quasipar-
ticles, a key evidence of the existence of Dirac fermions.
The Dirac state is consistent with the predicted non-
trivial topological bands generated by the distorted Sb
square nets in SrZnSb2. In addition, the quasi-2D nature
of the electronic structure is revealed by angular depen-
dence of magnetoresistance and quantum oscillations.
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